Salmonella is distributed worldwide and is a pathogen of economic and public health importance. As a multi-host pathogen with a long environmental persistence, it is a suitable model for the study of wildlife-livestock interactions. In this work, we aim to explore the spill-over of Salmonella between free-ranging wild boar and livestock in a protected natural area in NE Spain and the presence of antimicrobial resistance. Salmonella prevalence, serotypes and diversity were compared between wild boars, sympatric cattle and wild boars from cattle-free areas. The effect of age, sex, cattle presence and cattle herd size on Salmonella probability of infection in wild boars was explored by means of Generalized Linear Models and a model selection based on the Akaike's Information Criterion. Prevalence was higher in wild boars co-habiting with cattle (35.67%, CI 95% 28.19-43.70) than in wild boar from cattle-free areas (17.54%, CI 95% 8.74-29.91). Probability of a wild boar being a Salmonella carrier increased with cattle herd size but decreased with the host age. Serotypes Meleagridis, Anatum and Othmarschen were isolated concurrently from cattle and sympatric wild boars. Apart from serotypes shared with cattle, wild boars appear to have their own serotypes, which are also found in wild boars from cattle-free areas (Enteritidis, Mikawasima,. Serotype richness (diversity) was higher in wild boars co-habiting with cattle, but evenness was not altered by the introduction of serotypes from cattle. The finding of a S. Mbandaka strain resistant to sulfamethoxazole, streptomycin and chloramphenicol and a S. Enteritidis strain resistant to ciprofloxacin and nalidixic acid in wild boars is cause for public health concern.
Introduction
Interactions in the wildlife-livestock interface are currently increasing in the EU since animal husbandry is moving from more intensive to more extensive farming systems [1] . This fact often enhances disease transmission between wildlife and livestock and may be of particular concern in relation to wild ungulates, which frequently share habitat resources with domestic livestock [2] . The wild boar is especially considered a carrier and reservoir of several zoonotic pathogens [3] , [4] .
Among the pathogens shared between wildlife and domestic animals, little is known about Salmonella spp. (one of the most common genera of zoonotic bacteria of worldwide economic and health importance [5] ) and the role of the wildlife-livestock interface in its transmission. This microorganism is considered a true multi-host pathogen with a long environmental persistence [6] . These characteristics (broad host range of some serotypes and long environmental persistence) make it a suitable model for studying interactions between wildlife and livestock in natural environments.
Most of the studies on Salmonella in wildlife focus on vectors such as insects, rodents and birds in the farm environment (some examples are [7] , [8] , [9] ), and to our knowledge only one study relates the Salmonella prevalence and serotypes in wild large mammals to those found in co-habiting livestock: Glawischnig and colleagues [10] report an outbreak of salmonellosis (caused by serotype Dublin) in chamois (Rupicapra rupicapra) which had its origin in sick cattle grazing in the same pasture.
From a public health perspective, wildlife can play an important role in the complex Salmonella-wildlife-human cycle [11] since wildlife has been shown to be a common reservoir of this pathogen, in addition, Salmonella can be isolated at virtually every step of the game meat chain [12] and healthy animals can shed Salmonella over long periods of time. Salmonella is also of public health concern because many strains are resistant to a number of antimicrobial agents: data show that 44% of the Salmonella samples isolated from animal slaughter and veterinary diagnostic sources were resistant to at least one antimicrobial agent [13] .
In wildlife, investigations of antimicrobial resistance are highly variable in their results, mainly depending on the host species, the bacterial species and the geographic location, but it is assumed that livestock and humans may be sources of antimicrobial resistance in wildlife (some examples, though not of Salmonella, are [14] , [15] , [16] ).
It has been stated that an ecological approach may help to understand pathogen dynamics and host-pathogen interactions, but few studies have actually applied tools from population ecology to environmental microbiology and veterinary research (some examples on Salmonella are [17] , [18] or [19] ). This may be essential from a public health perspective, e.g. [20] found that asymptomatic Salmonella Typhimurium DT104 isolates showed a greater phenotypic and genotypic diversity within pig herds than disease-associated ones. Especially in the case of research in wildlife diseases, this multidisciplinary approach must be adopted [21] , [22] .
In this work, we aim to assess the effect of livestock presence on the prevalence and the components of diversity (richness and evenness) of Salmonella in the free-ranging wild boar population in the Ports de Tortosa i Beseit National Game Reserve, northeast Spain. In this game reserve, cattle occupy specific areas during the greater part of the year. Also, we assessed antimicrobial resistance in both wild boar and cattle in this natural area, where human activities are minimal.
Materials and Methods

Study Area
The study area is located within the National Game Reserve Els Ports de Tortosa i Beseit in northeastern Spain, which is also part of the Natural Park of the same name. It is a calcareous mountain region with high orographic complexity that results in a rugged and abrupt terrain with numerous ravines and steep slopes. About 28% of the surface is above 1000 m.o.s.l., with the highest peak being Mont Caro (1442 m). The predominant habitat is pine grove (39%) followed by oak grove (15%), and, due to the dry Mediterranean climate, rivers account for only 0.2%. The most abundant wild ungulates are the Iberian ibex (Capra pyrenaica) and the wild boar (Sus scrofa), which are exploited for hunting purposes. Wildlife and cattle share pastures in some valleys of the study area, therefore, we chose three hunting areas (HA, hereafter) that are free of cattle presence and five HA are grazed by cattle either yearround or during the hunting season (see Figure 1 : areas have been called A to H). Areas were categorised as grazed or cattle-free, and the animals were grouped according to this category for some analyses. Despite all HA belong to the same ecosystem and the ubiquitous nature of Salmonella and its high survival rate in soil [23] ; we took into account that differences between areas in the landscape composition could have confounding effects on the results. Therefore, we checked for differences among HA by Geographic Information System (GIS) analysis. In brief, we have used CORINE land cover data CLC2006 [24] with a working scale of 1:100.000, a minimum mapping unit 25 hectares and a minimum width of linear elements 100 metres. Later we estimated the surface of the main landscape classes using the ArcGIS 10 (EsriH ArcMap 10) by area and a MANOVA analysis for comparing landscape features (e.g., mean slope, mean altitude, percentage of sclerophyllous vegetation, percentage of mixed forest, percentage of coniferous forest and percentage of transitional woodland-shrub, all of them as response variables) between two categories (grazed vs ungrazed, as explanatory factor). No difference in terms of land use and landscape composition was observed among our sampling areas (Pillai statistic = 0.93, df = 1 p = 0.47), hence we assume that landscape characteristics will have minimum effect on the observed patterns of Salmonella occurrence.
Animal Sampling
Wild boar. Altogether, 214 individual faecal samples were obtained from hunter-harvested wild boars during the regular hunting season (October to January) from 2007-2008 to [2010] [2011] . Fifty-seven samples were obtained from the cattle-free HA and 157 from the grazed ones. The difference in sample size is due to a different hunting effort (mean hunting days/year in HA with cattle is 23, while it is 8 in cattle-free HA, F = 117.48 df = 1, p,0.001, ANOVA) owing to easier access and orography in grazed areas, which results in a higher amount of wild boars hunted in those areas each year (mean number of wild boars hunted/year in cattle free HA is 50, while it is 110 in HA with cattle, F = 7.41, df = 1, p = 0.01, ANOVA).
On the other hand, to collect further information on the animals, sex was visually determined by direct observation of genitalia and age was estimated based on tooth eruption pattern and replacement as well as dental attrition [25] . So as to minimize error in age determination, four age classes were used: piglets (up to 5 months), juveniles (6 to 12 months), yearlings (between 13 and 24 months) and adults (over 24 months). Finally, Juveniles and Piglets were grouped together due to the small sample size of these age classes. Faeces were collected directly from the rectum and stored in sterile containers. They were refrigerated and sent to the laboratory within the following 24 hours.
Cattle. Seventy-three cattle samples were collected from 2008 to 2010. Previously, information was obtained from the Reserve's managers on herd location (five herds, size 30, 50, 60, 70 and 170 individuals). The farming conditions in the National Game Reserve are free-ranging with supplemental feeding in the dry season (summer) and herds are small, which sometimes made it difficult to locate the animals (e.g., 60 animals in a 1823 ha area). The herd in area A (see Fig. 1 ) belongs to a bullfighting breed while the rest (B -E) are herds aimed at meat production. Cattle sampling was preferably performed on days that wild boars were also sampled. When cattle were located, animals were counted to assess aggregation and observed until defecation. Then, faeces were stored in a sterile container and refrigerated and sent to the laboratory within the following 24 hours.
Ethics statement. No permit or approval was needed for this work, since it does not imply extraordinary activities in the National Game Reserve. Faecal samples from the animals were collected specifically for this study. All animals were legally hunted and sampled with the permission of the National Game Reserve. Wild boars are hunted by groups of local hunters by the traditional method of this region (drive hunting) as allowed by the National Game Reserve. Hunters allowed the sampling of the harvested animals and the use of these samples for scientific purposes. Cattle were also sampled on public land and since samples were environmental there was no need for animal management.
Microbiological Analyses
Cultures of Salmonella were performed according to ISO 6579:2002 Annex D [26] ,which is the method recommended by the European Union Reference Laboratory for Salmonella in faecal and environmental samples. For all samples a 1/10 dilution in buffered peptone water (BPW) was made, then incubated at 37uC61uC for 18 h62 h. Next, Modified semi-solid Rappaport- Vassiliadis (MSRV) (Difco) agar plates were inoculated with three drops (a total volume of 0.1 ml) of BPW culture. Plates were incubated at 41.5uC61uC for 24 h63 h and if negative, they were incubated for an additional 24 h63 h. Suspected growth of Salmonella was confirmed by plating on both Xylose Lysine Desoxycholate agar (XLD) (bioMérieux) and on chrom ID TM Salmonella agar (SM ID2) (bioMérieux). The plates were incubated for 24 h63 h at 37uC61uC.
Colonies of presumptive Salmonella were subcultured on Columbia 5% sheep blood agar (bioMérieux) and incubated for 24 h63 h at 37uC61uC. Identity of isolates as Salmonella spp. was confirmed by a commercially available biochemical method Enterotube TM II (BD BBL TM ). Serological typing of one isolate per sample was performed based on the Kauffmann-White scheme [27] .
Phage Typing was performed at the National Center of Microbiology, Institute of Health Carlos III (Madrid, Spain) by using Anderson's scheme [28] .
Antimicrobial Resistance Testing
A set of isolates was selected in order to characterize the frequency of antimicrobial resistance within each host group (cattle, wild boars from cattle-free areas, wild boars from grazed areas). At least one isolate from each serotype within each host group was tested for antimicrobial resistance. Most serotypes were isolated only once within each host group. When serotypes were more frequent, additional isolates were tested only when they belonged to different places or times with respect to the isolate already tested.
Antimicrobial resistance was tested by the agar diffusion method to obtain the Inhibition Zone Diameter (IZD) against amoxicillinclavulanate, cefoxitin, amikacin, apramicin, imipenem and aztreonam while the broth microdilution method was performed to determine the minimum inhibitory concentrations (MIC) of sulfamethoxazole, gentamicin, ampicillin, ciprofloxacin, cefotaxime, ceftazidime, tetracycline, streptomycin, trimethoprim, chloramphenicol, florfenicol, kanamycin and nalidixic acid. Cut-off/ breakpoint values are shown in Table 1 .
Statistical Analysis
To assess the effect of cattle on Salmonella infection probability in wild boar, we fitted a set of independent generalized linear models (GLM) using a binomial distribution and the logit link function [29] in which the response variable was explained by the single and the additive effects of age, sex, cattle presence and cattle herd size, and their two-way interactions. Herd size was included as an explicative variable, since it has been previously shown to be related to Salmonella prevalence and shedding [13] . Cattle density was not considered because it is too low in our study area and shows little variation (range 0.02-0.42 adult cow/ha). Wild boar abundance, which would be a likely factor affecting Salmonella infection in wild boar, was not different between areas with and without cattle presence (F = 0.04, df = 1, p = 0.84, ANOVA) and was therefore not included in the models. Complete information allowing for statistical analyses was known for 204 animals. Animals sampled from regular hunting activity are assumed to be representative of the healthy population [30] ).
For all statistical models, we performed a model selection procedure based on the information-theoretic approach and the Akaike's Information Criterion corrected for small sample sizes (AICc) [31] , [32] . In short, competing models are ranked in relation to the difference between their Akaike scores with the score of the best model (Di), which has the lowest AICc. Models with Di ,2 units have substantial support for explaining the observed variability in the variable of interest. Subsequently, we estimated the Akaike weight (w i, ), defined as the relative probability that a given model is the best model among those being compared. Once the best model was selected, the explained deviance (ED) was calculated as a measure of explained variability of each response variable [33] . Additional recommended readings for guidance are [34] and [35] .
Diversity was compared between host populations by means of its components: richness and evenness. Richness is in this case the number of serotypes found in each host group, while evenness is the relative distribution of isolates among serotypes. Evenness was assessed by the probability of interspecific encounter (PIE), which is defined as the probability that two randomly sampled individuals from the assemblage represent different species [36] (i.e., Salmonella isolates are ''individuals'' and serotypes are ''species'').
We faced the problem that richness strongly depends on sample size [36] , therefore, it could not be directly compared. Richness was corrected for sample size with the use of bootstrapping. The statistical analyses were performed using R software version 2.15.1 [37] , including prevalence estimates, which were estimated by package ''epiR'' 0.9-43 version [38] , and EcoSim 7.72 [39] .
Results
Wild Boar
The prevalence of Salmonella among wild boars from cattle-free areas (n = 57) was 17.54% (CI 95% 8.74-29.91) (see serotypes and antimicrobial resistance in Table 2 ). Their counterparts with contact with cattle showed prevalence two times higher (35.67% CI 95% 28.19-43.70, n = 157, see Table 3 ), with this difference being statistically significant (x 2 = 5.62, df = 1, p = 0.02). However, all animals from both groups were apparently healthy.
Cattle
The Salmonella prevalence among cattle was 21.92% (CI 95% 13.10-33.14, n = 73). See Table 4 for information about serotypes and antimicrobial susceptibility.
Antimicrobial Resistance
Two strains (2.98%) showed antimicrobial resistance; one Salmonella Enteritidis and one Salmonella Mbandaka strain (see Tables 2 and 3 ). The resistant Salmonella Enteritidis was carried by a wild boar from a cattle-free area (H), and showed resistance against ciprofloxacin and nalidixic acid. To the contrary, the Salmonella Mbandaka strain was carried by a wild boar from the cattle-grazed area A and was resistant to sulfamethoxazole, streptomycin and chloramphenicol.
Inter-specific Overlap of Salmonella Serotypes -and Enteritidis were the most frequent found in wild boars from cattle-free areas (30% and 20% of the total isolates, respectively), while they were present in a lower frequency in wild boars from cattle-grazed areas (1.79% and 14.29%, respectively). Cattle serotypes were only shared with wild boars from cattle-grazed areas (e.g., Meleagridis, the most frequent serotype in this group was the second most frequent in cattle, or Anatum and Othmarschen also appeared in sympatric wild boars). This overlap suggests some degree of spill-over between cattle and wild boar. The fact that these serotypes were simultaneously isolated from both host species in the same place (A) and its PFGE pattern (see [40] ) indicate a direct association between Salmonella isolates from cattle and wild boar.
Phage-typing of Salmonella serotype Enteritidis strains revealed no association between these isolates: the strain from area A showed an unrecognizable lytic pattern, while the strains from the cattle-free area H were PT1 and 14C.
Salmonella Serotype Richness and Evenness
In the smallest group, i.e. wild boars from cattle-free areas, serotype richness was 7 (See Table 2 ). This value had to be compared with serotype richness in cattle and in wild boars from cattle-grazed areas at a sample size equal to 57. Serotype richness was clearly lower in cattle: 4 serotypes was the maximal value (this means that the probability of being smaller than 7 is 100%) and also the most probable (610 out of 1000 repetitions, i.e. probability (Richness = 4) = 0.61). The group of wild boars from cattle-grazed areas had 12 as a most probable value (p (Richness = 12) = 0.22), and probability that its richness was greater than 7 was 0.99.
These results indicate higher Salmonella serotype richness in wild boars from cattle-grazed areas than their cattle-free counterparts: when sampling an equal number of wild boars from both areas we would have a greater number of different serotypes in wild boars from grazed areas. However, richness in cattle was lower than in both groups of wild boars.
The index for evenness was lower in cattle (PIE Cattle = 0.57) than in both groups of wild boars (PIE 1 = 0.91, PIE 2 = 0.92), indicating that two Salmonella isolates taken randomly from wild boars will be different serotypes with a probability higher than 0.9, while two Salmonella isolates randomly detected in cattle will differ with a probability of 0.57. Hence a certain serotype seems to be 
Salmonella Infection Probability in Wild Boar
The best model for explaining Salmonella probability of infection (see Table 5 ) in wild boars was the additive effects of cattle herd size and age class (b Herd size = 0.01160.002, n = 204, w i = 0.51, explained deviance = 11.56%). As can be seen in Figure 2 , Salmonella infection probability increases with herd size, but decreases with age, especially after the first year of life (piglets and juveniles). The pure effect of the variables was 7.53 and 2.85% for herd size and age class, respectively, and there was no shared deviance. The relative importance of the variables also supports our results (R i Herd size = 0.99, R i Age class = 0.96, R i Sex = 0.01, R i Cattle presence = 0). The second model with substantial support (see Table 5 , D i ,2, w i = 0.51) was not selected due to the principle of Parsimony. The same trend was observed in cattle: the probability of a cow being a Salmonella carrier increased as herd size increased (z = 2.78, b Herd size = 0.07, SE = 0.02, p,0.01, explained deviance = 23.68%).
Discussion
The prevalence found in the wild boars with contact with cattle in our study (35.67%) is the highest described to date in this species in the literature. On the other hand our results confirm the presence of Salmonella enterica serotypes of medical importance in wildlife; e.g., Enteritidis, Newport and Mbandaka were among the 10 most frequent serotypes causing salmonellosis in humans in the EU, and specifically the S. Enteritidis phage-type 1 is among the most frequent [41] . Other serotypes found in the study area have also been related to human outbreaks (e.g., Anatum, Paratyphi B and Kottbus, among others); and salmonellosis caused by Salmonella enterica serotype Enteritidis has been diagnosed in sympatric Iberian ibex [42] , with unknown consequences at the population level. The high prevalence of Salmonella in wild boars and the fact that wild boars shed this pathogen to a higher extent than wild ruminants [11] make it possible that wild boar plays an important role in the transmission and maintenance of Salmonella in the study area and likewise in similar multi-host systems. The prevalence observed in the wild boars from cattle-free areas (17.54%) is similar to that found in wild boars from Portugal: 22.1%; serotypes Typhimurium and Rissen [43] . Lower prevalences have been described either from tonsils of wild boar in Switzerland (12%; serotypes Enteritidis, Veneziana and Stourbridge [4] ) or from tissues of wild boars in northern Spain (7.5%; serotypes Worthington and 38:l,v:z35 [44] ).
Since Salmonella prevalence in wild boar from cattle-grazed areas was higher than prevalence in cattle itself, Salmonella sources other than cattle, but linked to its presence, may exist. For example, other wild hosts (wild birds and rodents) attracted by free access to cattle feed or other domestic animals (dogs or cats) could play a role in the epidemiology of Salmonella in the study area. Wild boar may be exposed to numerous Salmonella sources more directly than cattle due to its omnivorous and opportunistic feeding habits [45] that include potential Salmonella carriers, such as mice and birds [9] , and especially its rooting behaviour may favour the transmission through inhalation, a potential route of Salmonella infection in pigs [46] . Cattle seem to contribute to the Salmonella prevalence in wild boar by introducing their own serotypes to the environment, which can be regarded as an additive effect. We also found that Salmonella in cattle and in sympatric wild boars increased when the cattle herd size increased. Nevertheless, it should be considered that herd-related factors other than herd size, such as food, breed or health status may be related to the Salmonella prevalence. Also, although not having considered cattle density as an explanatory variable due to its little variation among herds in the study area (see Material and Methods section), the bullfighting herd in area A is not only the largest, but also that with the highest density. Another difference is that fighting bulls, although under extensive management conditions, have to be kept inside enclosures given that they are potentially dangerous. In this case, these enclosures are not an effective biosecurity barrier, as evidenced by the results. Indeed, shared serotypes and simultaneous isolation in cattle and wild boar occurred only in this hunting area A. Similarly, Skov and colleagues [47] found Salmonella in wildlife surrounding farms where and when Salmonella was also detected in livestock. This is important because even at a low prevalence, wildlife can be a source of Salmonella for livestock [48] .
As shown, serotypes found in previous studies about Salmonella in wild boar differ widely from our isolates. The wide number of serotypes found in our study area and the fact that most serotypes were isolated only once during the study period or in one animal only may reflect 1) a high diversity of Salmonella sources within the Reserve; 2) a high heterogeneity in the exposure of the wild boars to these sources; 3) a low intra-specific transmission of these serotypes; or 4) the separation of wild boars and their Salmonella strains by natural barriers (e.g., steep terrain). Indeed, Methner and colleagues detected different epidemiological groups of Salmonella serotype Cholerasuis in wild boars from certain regions of Thuringia (Germany) that were separated by natural (mountains) or artificial barriers (arterial roads) [49] .
This may explain why richness was higher in wild boars (both from cattle-grazed and cattle-free areas) than in cattle. Cattle are supposed to live in more homogenous conditions that determine exposure within herd (e.g., food and water), which is supported by the lower serotype richness found in cattle. The highest richness was found in wild boars from cattle-grazed areas, and this confirms an additive effect of cattle on the Salmonella of sympatric wild boars, as explained above with Salmonella prevalence. However, PIE was similar in wild boars from cattle-grazed and cattle-free areas, suggesting that wild boar may be a spill-over host: serotype evenness has not been altered by the acquisition of serotypes from cattle, which dominate in cattle but not in the Salmonella population from wild boars.
It should be noted that serotyping only one isolate per sample may have underestimated richness. However, for our aim (comparing richness between host groups) this methodology should suffice since the underestimation would be the same in each group. Additionally, the protocol, included enrichment to favour the detection of Salmonella, and enrichment media can have an effect on the strain/serotype detected as shown by other studies ( [50] , [51] ). Thus, serotyping more than one isolate would not be more representative.
On the other hand, antimicrobial resistance is an anecdotal finding in wild boar. Interestingly, two very different patterns of resistance have been found and they are directly related to the origin of the animals. The Salmonella serotype Mbandaka strain resistant to chloramphenicol, sulfamethoxazole and streptomycin was carried by a wild boar from a cattle-grazed area. Streptomycin and sulfonamides are, along with others, antimicrobial agents for which veterinary-associated Salmonella isolates show the greatest percentage of resistance [13] . In fact, serotype Mbandaka is the most frequent (20%) serotype isolated from cattle in Spain [41] ; therefore, although this serotype was not isolated from cattle in our study area, its origin is possibly linked to cattle or associated factors.
The resistance profile displayed by a S. Enteritidis strain found in a wild boar from a cattle-free area (ciprofloxacin and nalidixic acid) is of concern since ciprofloxacin belongs to the second generation of fluoroquinolones and is today the antimicrobial of choice for treatment of severe or invasive Salmonella infections in humans [52] . This resistance profile is not usually found in Spanish cattle [52] suggesting the existence of a different source of antimicrobial resistance in the National Game Reserve. This resistance profile is frequent in S. spp from fowl and pigs, both particularly in Spain [52, 53] ; but to our knowledge this type of farming does not occur in the study area nor within a short distance; on the other hand, the highest levels of resistance among S. Enteritidis isolates from humans in 2010 were observed for nalidixic acid, 18.7%, and ciprofloxacin, 9.3% [52] .
Caleja and colleagues [54] reported a high frequency of antimicrobial resistance among S. Typhimurium and S. Rissen isolates from wild boar in Portugal against ampicillin, amoxicillinclavulanic acid, streptomycin, chloramphenicol, tetracycline, sulfonamides and trimethoprim-sulfamethoxazole. Behaviour of wild boar, especially their feeding habits, makes this species prone to pathogen exposure and may also be linked to antimicrobial resistance carriage. Therefore, it may be a suitable sentinel for Salmonella presence, prevalence and antimicrobial resistance in a natural environment.
Conclusions
This study provides evidence of the association of Salmonella infection in free-ranging wild boar and herd size of sympatric cattle in extensive farming conditions. It also suggests that sources of Salmonella other than livestock exist in the National Game Reserve. The spill-over of Salmonella between cattle and wild boar, although increasing serotype richness in the latter, did not alter the evenness of the Salmonella population in wild boar and thus may be sporadic or a dead-end. The presence of antimicrobial resistance in isolates from wildlife of a protected area is a matter of concern.
